A number of diagnostic tests are available for dengue virus (DENV) detection, including a variety of nucleic acid amplification tests (NAATs). However, reports describing a direct comparison of different NAATs have been limited. In this study, we report the design of an internally controlled real-time reverse transcriptase PCR (rRT-PCR) that detects all four DENV serotypes but does not distinguish between them (the pan-DENV assay). Two hundred clinical samples were then tested using four different DENV RT-PCR assays: the pan-DENV assay, a commercially produced, internally controlled DENV rRT-PCR (the Altona assay), a widely used heminested RT-PCR, and a serotype-specific multiplex rRT-PCR assay. The pan-DENV assay had a linear range extending from 1.0 to 7.0 log 10 cDNA equivalents/l and a lower limit of 95% detection ranging from 1.7 to 7.6 cDNA equivalents/l, depending on the serotype. When measured against a composite reference standard, the pan-DENV assay proved to be more clinically sensitive than either the Altona or heminested assays, with a sensitivity of 98.0% compared to 72.3% and 78.8%, respectively (P < 0.0001 for both comparisons). The pan-DENV assay detected DENV in significantly more samples collected on or after day 5 of illness and in a subgroup of patients with detectable anti-DENV IgM at presentation. No significant difference in sensitivity was observed between the pan-DENV assay and the multiplex rRT-PCR, despite the presence of an internal control in the former. The detection of DENV RNA late in the course of clinical illness should serve to lengthen the period during which a confirmed molecular diagnosis of DENV infection can be provided.
D
engue virus (DENV) is the most common vector-borne human viral pathogen worldwide (1) . Infection with one or more of the four closely related virus serotypes (designated DENV-1 to -4) results in a range of clinical manifestations spanning asymptomatic infection, dengue fever (DF), and severe dengue, a category that includes entities previously classified as dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS) (1, 2) . Infection with one serotype (primary infection) results in immunity to that serotype, but infection can still occur with any of the remaining serotypes (secondary infection). Secondary DENV infection has been shown to be a significant risk factor for the development of DHF or DSS (3, 4) . DENV transmission largely occurs in the tropical and subtropical regions of the world, though the number of countries where DENV is endemic has been increasing (1, 5) . Recent reports estimate that 230 million DENV infections occur annually worldwide, including 2 million cases of severe disease and 21,000 deaths (6) . Over 3.6 billion people live in regions where this pathogen is endemic and are at risk for infection (6) . DF is also one of the most common causes of a systemic febrile illness in travelers returning from countries where the virus is endemic and remains a major concern for military personnel stationed in these areas (7) (8) (9) .
A wide array of diagnostic tests for DENV have been developed and remain in use throughout the world. These include laboratory-based testing for anti-DENV IgM, anti-DENV IgG, and the DENV nonstructural protein 1 (NS1). Point-of-care tests for these analytes are also available. In addition, molecular methods are performed, including heminested RT-PCR and real-time reverse transcriptase RT-PCR (rRT-PCR) assays (1, 10) . Currently, the WHO supports the use of a number of these tests depending on individual laboratory capabilities and the goals of testing, as no gold standard for DENV diagnosis has been established (1) .
Consistent with the state of DENV diagnostics as a whole, a variety of nucleic acid amplification tests (NAATs) have been reported in the literature. A heminested RT-PCR for the detection and serotyping of DENV, a version of which remains in wide use, was first reported in 1992 (11, 12) . Though numerous DENV species-specific and serotype-specific assays have since been developed, direct comparisons between these assays are notably rare (11, (13) (14) (15) (16) (17) . Rather, studies evaluating new DENV molecular diagnostic tests typically use samples collected within the first 5 days of fever from patients who had positive testing by viral isolation, seroconversion, or both (10, (18) (19) (20) (21) (22) (23) (24) (25) . This practice ensures that only the highest viral loads are evaluated and it likely does not reflect clinical reality, where patients may present at any time during their illness, including five or more days after fever onset.
The majority of DENV NAATs have been designed with the dual goals of sensitive DENV detection and the ability to provide a serotype-specific diagnosis (11, 13, 14, 23, 24) . While serotyping capability is useful for epidemiologic surveillance, the relative contribution of serotype-specific information to the care of individual patients remains unclear (1, 10, 26) . For laboratories outside regions where the disease is endemic that primarily test returning travelers, serotype-specific DENV diagnosis may not be required (10, 20, 26) . Pan-DENV assays may still be able to provide information that has been associated with the development of severe disease, including the detection of DENV RNA at defervescence (27) (28) (29) (30) .
Despite the large number of reported DENV NAATs, few of these assays have been designed to include an internal control (IC), either as an extrinsic molecule spiked into each sample before or after extraction or as a heterologous intrinsic target that is coextracted with DENV RNA (14, 17, 21, 25, 31) . It has been advocated that ICs be used in settings where PCR inhibitors present a significant source of false-negative results, which may be particularly important in the performance of NAATs in countries where dengue is endemic (26, 32) .
In this study, we report the development of a species-specific internally controlled rRT-PCR utilizing hydrolysis probes for DENV detection (here referred to as the pan-DENV assay). We also report an independent evaluation of the Altona RealStar dengue RT-PCR kit, which is a commercially produced internally controlled rRT-PCR kit for DENV detection. Furthermore, using 200 clinical samples, we directly compared four molecular tests for DENV: the pan-DENV and Altona assays, a version of the heminested RT-PCR (11) , and the serotype-specific DENV multiplex rRT-PCR (16) .
MATERIALS AND METHODS
Pan-DENV assay design. The pan-DENV assay utilizes the same primers as the multiplex rRT-PCR assay, though the primer concentrations differ.
The primer design has been described previously, and these primers are listed in Table 1 (16) . Separate hydrolysis probes were designed for the pan-DENV assay based on the 95% consensus sequence of the 5= untranslated region (UTR) and capsid gene. RealTimeDesign software (Biosearch Technologies, Novato, CA) was used to create BHQplus probes, which utilize a duplex stabilizing technology to increase melting temperature and allow for reduced probe length. Four probes were designed to account for sequence diversity; these probe sequences are listed in Table 2 and were given letter designations A to D. The probes were tested in silico using BLASTn to query the NCBI nucleotide database. Searches excluding the DENV group (identification no. 11052) were also performed to identify the best non-DENV sequence matches in the database, as well as matches in the Flaviviridae family.
A previously described assay for the detection of RNase P was modified for use as the IC in this assay (33) . The primer and probe sequences were maintained as originally published (see Tables 1 and 2) ; however, the RNase P probe was labeled with Cal Fluor Red 610 to facilitate multiplexing. The IC primer and probe concentrations were selected based on titration experiments, such that samples that were negative for DENV routinely had crossing threshold (C T ) values between 25 and 30.
RT-PCR assays. The pan-DENV assay was performed using the SuperScript III Platinum one-step qRT-PCR kit (Invitrogen, Carlsbad, CA). Reaction mixtures were scaled down from the manufacturer-recommended 50-l volume to 25 l per reaction mixture, and 5 l of RNA template was added to each reaction mixture. The primer and probe concentrations in the final reaction mixtures are listed in Tables 1 and 2 , respectively. During the analytical evaluation, 5 l of pooled RNA extracts from domestic patient plasma samples was spiked into the reaction mixture to mimic the IC in the clinical samples. RT-PCRs were performed using the Rotor-Gene Q instrument (Qiagen, Valencia, CA). Cycling conditions differed from those of the multiplex rRT-PCR and were as follows: 52°C for 15 min (RT step), 94°C for 2 min, 45 cycles of 94°C for 15 s, 55°C for 20 s, and 68°C for 20 s (run time, 110 min). Detection was performed in the green and orange channels at 55°C, and the gain was set at 4.67 for green and at 10 for orange. During analysis, the first five cycles were cropped from the green channel to improve baseline normalization; slope correction was performed for both channels. The threshold was set at 0.025 for the green channel, and any curve crossing this threshold prior to cycle 40 was considered to be positive for DENV. All results after cycle 40 were evaluated individually, and any sample generating an exponential curve that crossed the threshold after cycle 40 was also considered positive. The threshold was set at 0.1 for the orange RNase P channel. In samples that were negative for DENV, RNase P was considered to be detected if the curve crossed this threshold at any cycle. Samples in which DENV and RNase P RNA were not amplified were considered to have failed extraction or to contain an inhibitory substance. The Altona assay was performed using the RealStar dengue PCR kit 1.0 (Altona Diagnostics, Hamburg, Germany). Reaction mixtures were scaled down from the recommended 50-l volume to 25 l, with each reaction mixture containing 2.5 l master mix A, 10 l master mix B, 1.25 l of internal control solution, and 6.25 l of water. Five microliters of RNA template was added to each reaction mixture, which was decreased from the manufacturer-recommended 25 l. An IC, included with the kit, was added to the reaction mixture following the setup of the negative-control sample on each run. RT-PCRs were again performed using the RotorGene Q. Cycling conditions were: 50°C for 10 min (RT step), 95°C for 2 min, 45 cycles of 95°C for 15 s, 55°C for 45 s, and 72°C for 15 s (run time, 120 min). Detection was performed in the green and yellow channels at 55°C, and the gain was set at 10 for both channels. During analysis, slope correction was performed for both channels. The threshold was set at 0.1 for the green channel, and curves were interpreted with the same algorithm used for the pan-DENV assay. The threshold was set at 0.05 for the yellow IC channel. In samples that were negative for DENV, the Altona IC was required to be detected within 45 cycles; samples in which the Altona IC was not amplified were considered inhibited.
The heminested RT-PCR and the serotype-specific multiplex rRT-PCR were performed as previously described (16) . However, for the heminested assay, 5 l of RNA template was added in the RT-PCR step, and 5 l of RT-PCR product was added to the heminested reaction mixture. For all clinical samples, the pan-DENV, multiplex rRT-PCR, and heminested assays were performed concurrently. Samples underwent one further freeze-thaw cycle prior to use in the Altona assay.
Reference virus RNA. Genomic RNA from reference strains of the four DENV serotypes, DENV-1 Hawaii 1944, DENV-2 New Guinea C strain, DENV-3 strain H87, and DENV-4 strain H241 were obtained from Vircell (Granada, Spain). Genomic RNA of three strains of West Nile virus (WNV) (NY 1999, a clinical isolate previously reported as NAL strain, and B956) and a single strain each of Japanese encephalitis virus (JEV) and tick-borne encephalitis virus (TBEV) was obtained from the St. OrsolaMalpighi Hospital, Regional Reference Centre for Microbiological Emergencies, in Bologna, Italy (34) .
Plasmid generation, quantitation, and sequencing. The generation and sequencing of plasmids has been described previously (16) . Plasmid sequences were identical to the expected sequences for each DENV reference strain. The concentration of plasmid DNA was quantified using the Quant-iT PicoGreen double-stranded DNA (dsDNA) reagent and kit (Invitrogen, Carlsbad, CA). Twenty-five-and 50-fold dilutions were tested in triplicate. A standard curve was generated, and the concentration of plasmid in the initial eluate was calculated.
Linearity, lower limit of detection, and precision. The analytical evaluation of the pan-DENV assay was performed according to previously published recommendations (32) . For each serotype, linearity studies were performed on serial 10-fold dilutions of both quantified plasmid DNA and reference virus RNA. For the plasmid DNA, dilutions from 7.0 log 10 copies/l to 1 copy/l were tested in triplicate on a single run. Reference virus RNA concentrations were originally quantified by the manufacturer in ng/l of total RNA. Ten-fold dilutions from 1 ng/l to 0.01 pg/l RNA were tested in triplicate on a single run. Using the standard curve generated with dilutions of plasmid DNA, the concentration in DENV cDNA equivalents/l was calculated for the highest concentration of RNA (1 ng/l) for each serotype. The linear range was established by fitting a best-fit line to the data by regression analysis and included the range where the R 2 value for this line was Ն0.99. To establish the lower limit of 95% detection (95% LLOD), the lowest concentrations of RNA at which all replicates were detectable during the linear range study were used as the starting point. Ten replicates of four 2-fold dilutions from this concentration were tested on a single run. The 95% LLOD was then calculated using probit analysis.
The precision of the pan-DENV assay was determined using three dilutions of RNA controls (high positive, low positive, and limit of quantitation). These were performed five times on three separate days. Fresh dilutions were made on the day of each run from aliquots of high-concentration stocks (1 ng/l, high positive). Intra-and interrun variability were calculated from the log 10 concentration of the samples.
To establish the linear range and estimate the intrarun precision for the Altona assay, serial 10-fold dilutions from 1 ng/l to 0.01 pg/l of reference virus RNA for each DENV serotype were tested in triplicate on a single run. Testing to establish the 95% LLOD was performed as described for the pan-DENV assay.
Specificity. Specificity was evaluated by testing genomic RNA from the WNV, JEV, and TBEV isolates, as well as from the yellow fever 17D (YF-17D) vaccine strain. The JEV, TBEV, and WNV strains are described above. For YF-17D, genomic RNA (Vircell, Granada, Spain) was tested at concentrations of Ն12,500 copies/l and 250 copies/l, as quantitated by the manufacturer. An additional 60 domestic samples with detectable levels of hepatitis C virus (HCV) were extracted and tested. All specificity experiments were performed for the pan-DENV and Altona assays.
Clinical samples. A total of 201 clinical samples from patients presenting with a systemic febrile illness were tested, including 161 archived deidentified samples from Nicaragua and 40 deidentified prospectively collected samples from Sri Lanka. The Nicaraguan samples were collected between 23 September 2008 and 23 December 2011 as part of the Nicaraguan Pediatric Dengue Cohort study, as well as a hospital-based study to assess the risk factors for severe dengue in inpatients of the infectious diseases ward of the Hospital Infantil Manuel de Jesús Rivera (Managua, Nicaragua). The study design and methods for both of these studies have been described previously (35) (36) (37) . Of these patients, 121 were suspected dengue cases and had been tested with an earlier version of the heminested RT-PCR assay on site (12) . For 40 patients, another etiology was felt to be more likely than DENV (referred to as C cases). C cases have been described previously; these samples had not been tested for DENV (36) . Results from the C cases were included in the overall sensitivity analysis for each assay but were separated for analysis based on the day of illness on which the sample was obtained. For all samples, RNA was extracted from aliquots of plasma that had been stored at Ϫ80°C.
Samples were also collected from 40 children presenting to the Lady Ridgeway Hospital (Colombo, Sri Lanka) with an acute febrile illness that was clinically suspected to be dengue. These samples have been described elsewhere (16) . Briefly, samples were collected from 18 March to 28 May 2012, and patients were tested with the Hexagon GmbH dengue assay (HUMAN Diagnostics, Wiesbaden, Germany), which is a rapid assay detecting anti-DENV IgM and IgG antibodies.
For the clinical samples, a composite reference was utilized as the reference standard. Samples that tested positive by two or more RT-PCR assays were considered to be positive by the composite reference. Those that tested positive by only one RT-PCR assay or that tested negative by all assays were considered negative by the composite reference. The clinical sensitivity and specificity of each assay were then calculated using this composite reference standard. Throughout the paper, sensitivity refers to clinical sensitivity. The phrase analytical sensitivity is used when this characteristic is being explicitly discussed.
Nucleic acid extraction from clinical specimens. Nucleic acid extraction was performed using the QIAamp viral RNA mini kit (Qiagen, Valencia, CA). All extractions were carried out according to the manufacturer's recommendations. Extractions were performed using 140 l of patient plasma and eluted into 60 l of buffer AVE.
A second centrifugation step that is recommended following the addition of buffer AW2 to the columns was performed for all clinical samples. In order to assess the causes of IC failures in the Altona assay, a subset of HCV-positive plasma samples were reextracted, and this centrifugation step was lengthened to 5 min. HCV-positive plasma samples that displayed evidence of inhibition were also heat treated at 65°C for 10 min, and two 10-fold dilutions were performed to eliminate potential inhibitors.
Ethics. The protocols for the Nicaraguan Pediatric Dengue Cohort study and the Pediatric Hospital-Based Dengue study were reviewed and approved by the institutional review boards (IRB) of the University of California-Berkeley and the Nicaraguan Ministry of Health. The parents or legal guardians of all subjects provided written informed consent, and subjects aged Ն6 years provided assent. The IRB at Stanford University waived the review of this study, as all samples were precollected and deidentified.
Statistics. Basic statistical analysis, including the calculation of means and standard deviations was performed using Excel software (Microsoft, Bellevue, WA). Two-tailed Fisher's exact tests and paired t tests were performed using GraphPad software (GraphPad, La Jolla, CA). Probit analysis was performed using SPSS (IBM, Armonk, NY).
RESULTS
Pan-DENV analytical evaluation. The primers and probes used in the pan-DENV assay are listed in Tables 1 and 2 , respectively. Using serial dilutions of plasmid DNA, the linear range for each serotype extended from 1.0 to 7.0 log 10 cDNA equivalents/l (Fig.  1) . Based on the standard curves generated using these plasmids, the concentration of DENV in cDNA equivalents/l for the highest-concentration reference virus RNA was calculated. Using serial dilutions of reference virus RNA, the linear range of the pan-DENV assay for each serotype, expressed in cDNA equivalents/l, was 0.16 to 5.16 log 10 for DENV-1, 0.83 to 4.83 log 10 for DENV-2, 0.03 to 5.03 log 10 for DENV-3, and 1.11 to 4.11 log 10 for DENV-4 (data not shown).
The 95% LLOD was determined for each serotype in the pan-DENV assay by probit analysis using reference virus RNA dilutions. The 95% LLOD was calculated to be 1.7 for DENV-1, 1.7 for DENV-2, 2.2 for DENV-3, and 7.6 cDNA equivalents/l for DENV-4. Both intra-and interrun precision measures were calculated for each serotype at three concentrations (high positive, low positive, and limit of quantitation) using reference virus RNA. Geometric mean concentrations in log 10 cDNA equivalents/l, as well as intra-and interrun precision measures, are shown in Table 3 .
Altona assay analytical evaluation. The linear range of the Altona assay was established using serial dilutions of reference virus RNA for each DENV serotype. The linear range for this assay, expressed in cDNA equivalents/l, extended from 1.04 to 5.04 to log 10 for DENV-1, 1.61 to 4.61 log 10 for DENV-2, 1.02 to 5.02 log 10 for DENV-3, and 0.04 to 4.04 log 10 for DENV-4 (Fig. 2) . The 95% LLOD was determined for each serotype in the Altona assay by probit analysis using reference virus RNA dilutions. The 95% LLOD was calculated to be 7.6 for DENV-1, 21.7 for DENV-2, 1.2 for DENV-3, and 0.97 cDNA equivalents/l for DENV-4.
Intrarun precision was determined for the Altona assay using DENV reference virus RNA. The standard deviation (percent coefficient of variation) at the high and low ends of the linear range, respectively, for each serotype was 0.02 (0.37%) and 0.20 (20.17%) for DENV-1, 0.005 (0.1%) and 0.11 (6.72%) for DENV-2, 0.02 (0.39%) and 0.06 (5.38%) for DENV-3, and 0.01 (0.13%) and 0.10 (9.54%) for DENV-4. These results for the Altona assay were comparable to the results obtained with the pan-DENV assay. 
Internally Controlled rRT-PCR for Pan-DENV Detection
Specificity. The pan-DENV primers and probes were evaluated in silico by querying the NCBI nucleotide database for related sequences. As described previously, the primers demonstrated limited homologies to other members of the Flaviviridae family, as well as to non-DENV sequences (16) . No organism represented the best match for both the forward and reverse primers for any of the primer pairs. The best non-DENV matches for probes A, B, C, and D were Brassica rapa, Schistosoma mansoni, Drosophila ananassae, and Desulfatibacillum alkenivorans AK-01, respectively (query coverage, 89 to 94%; E value, 0.28 to 4.4). The best matches within the Flaviviridae family were strains of JEV (query coverage, 71 to 78%; E value, 0.44 to 0.52), though these sequences would not be predicted to amplify using the primers in this assay.
No amplification was observed in the pan-DENV or Altona assays when RNA from other closely related flaviviruses (three strains of WNV, one strain each of JEV and TBEV, and the YF-17D strain tested at two concentrations) was used. Sixty HCV-positive clinical samples were also tested by both assays; these samples had a median HCV viral load of 6.05 log 10 IU/ml of patient plasma 
FIG 2 Linearity of the Altona dengue assay using serial 10-fold dilutions of reference virus RNA for DENV-1 (A), DENV-2 (B), DENV-3 (C), and DENV-4 (D).
Ct, crossing threshold.
(range, Ͻ1.63 to 7.66). No amplification was observed in either assay for any of these samples. IC performance. The performance of the ICs for the pan-DENV and Altona assays was evaluated using 201 clinical samples from Nicaragua and Sri Lanka. A single sample resulted in an IC failure on the pan-DENV assay, indicating a failed extraction or the presence of inhibitors. This sample was not included in further analysis for any assay. All samples that were negative for DENV RNA by the pan-DENV assay (n ϭ 45) had similar amounts of RNase P RNA (mean C T , 29.69; standard deviation, 2.76). Samples with C T values of Ͻ20 in the green channel (DENV) did not have a detectable RNase P signal, whereas samples with a C T of Ͼ25 in the green channel yielded consistently detectable signals for RNase P (data not shown).
The Altona assay experienced a high number of IC failures during testing with the clinical samples. Overall, IC failure occurred in 49 samples (24.5%). These samples were not interpretable by the Altona assay and were excluded from further analysis for this test. Of these samples, DENV RNA was detected in 25 (51.0%) samples by the pan-DENV assay, 24 (49.0%) by the multiplex rRT-PCR, and 12 (48.0%) by the heminested assay. The percentages of IC failures were similar in both groups of clinical samples (Nicaragua, 39/160 [24.4%], and Sri Lanka, 10/40 [25%]). Three IC failures also occurred in the HCV-positive plasma samples described above (3/60 [5%]). These failures were repeated and confirmed on separate runs (data not shown). After 10-and 100-fold dilution of these samples, IC results were similar to the IC-only control. Prolonged centrifugation during the extraction or heating of the eluate did not improve results (data not shown).
Samples from areas of endemicity. All clinical samples were tested by the pan-DENV, Altona, heminested, and DENV multiplex rRT-PCR assays. Each assay was compared against a composite reference standard, defined as the detection of DENV RNA in two or more RT-PCR assays (Table 4 ). The composite reference comprised 200 samples for the pan-DENV, multiplex rRT-PCR, and heminested assays. The sensitivity and specificity of each assay were then calculated using this reference. The pan-DENV and multiplex rRT-PCR had similar sensitivities (98.0% and 100%, respectively; P ϭ 0.248). Both assays proved to be more sensitive than the heminested assay (sensitivity, 78.8%; P Ͻ 0.0001 for both comparisons). The clinical specificities of the pan-DENV (85.7%), multiplex rRT-PCR (87.8%), and heminested assays (93.9%) were not significantly different from one another (P Ͼ 0.05 for all comparisons).
The sensitivity and specificity for the Altona assay were calculated using a composite reference comprising 151 samples. Test characteristics for the other assays were also calculated using this subset for comparison. The Altona assay had the lowest sensitivity of any assay tested (72.3%; P Ͻ 0.0001 for comparison with the pan-DENV or multiplex rRT-PCR assays, P ϭ 0.035 for comparison with the heminested assay). All samples detected by the Altona assay were also detected using the pan-DENV and multiplex rRT-PCR assays. The clinical specificity of the Altona assay was 100% compared against the composite reference, but this was not significantly different from the specificities of the other three assays (P Ͼ 0.05 for all comparisons). A total of 16 samples had DENV RNA detected by only a single assay ( Table 5 ). The mean C T values for these samples, when applicable, are also displayed in Table 5 .
To understand the clinical performance of these tests in more detail, we specifically analyzed the results for the C cases and IgMpositive samples, and we evaluated test performance based on the day of illness of sample collection.
C cases. Of the 40 samples collected from C cases, which were febrile patients thought to have a nondengue disease, a total of 19 (47.5%) samples had DENV RNA detected by at least one assay. This included 12 (30%) positive samples as detected by either the pan-DENV or multiplex rRT-PCR and 10 (25%) positive samples as detected by the heminested assay (data not shown). Seven samples (all DENV-3) tested positive by the pan-DENV, heminested, and multiplex rRT-PCR assays, which include the five samples that tested positive using the Altona assay. Five samples were detected only by the pan-DENV assay, and five different samples were detected only using the multiplex rRT-PCR assay. The average C T for these 10 samples was 40.2 (standard deviation, 1.8) compared to 20.8 for the seven samples that tested positive by both assays (standard deviation, 9.3; P Ͻ 0.0001). Two samples (both DENV-3) were detected only using the heminested assay. The alternative diagnoses for these patients were not available for this study.
IgM-positive Sri Lankan samples. Given the high analytical and clinical sensitivity of the pan-DENV assay, we next compared assay performance measures in the subset of specimens that were positive for anti-DENV IgM antibodies. The 40 samples from Sri Lanka were collected relatively late in the clinical course (mean day of illness, 5.9; standard deviation, 1.4), and 36 patients already had detectable anti-DENV IgM at presentation. Complete IgM data were not available for the Nicaraguan samples.
In this IgM-positive group, the pan-DENV assay detected DENV RNA in 35 samples (97.2%), whereas the heminested assay detected DENV RNA in 18 samples (50.0%; P Ͻ 0.0001). The pan-DENV assay was also more sensitive than the Altona assay when only those samples with interpretable results by the latter were considered (26/26 [100%] versus 13/26 [50.0%]; P Ͻ 0.0001). The multiplex rRT-PCR assay detected DENV RNA in the same samples detected by the pan-DENV assay; these results have been reported previously (16) .
Day-of-illness analysis. Test results for 158 samples with available data were stratified according to the day of illness of sample collection (40 C cases plus 2 additional samples did not have the day of illness recorded). The difference in sensitivity between the pan-DENV or multiplex rRT-PCR assays and either the Altona or the heminested RT-PCR varied based on the day of illness on which the sample was obtained (Table 6 ). In samples collected on Յ4 days of illness, DENV RNA was detected in 61/67 (91.0%) samples by the pan-DENV assay compared to 59/67 (88.1%) samples by the heminested assay. This difference was not significant (P Ͼ 0.05). There was also no significant difference between the assays when only the subset of samples with interpretable Altona results was considered (P Ͼ 0.05, data not shown). When the sample was obtained on Ն5 days of illness (range, 5 to 9 days), DENV RNA was detected in 81/91 (89.0%) samples by the pan-DENV assay compared to 52/91 (57.1%) samples by the heminested RT-PCR (P Ͻ 0.0001). For samples with interpretable Altona results, the pan-DENV was more sensitive than the Altona assay with samples obtained on Ն5 days of illness (64/67 versus 35/67, respectively; P Ͻ 0.0001). The difference between the Altona and heminested assays (44/67 detected) did not reach statistical significance (P ϭ 0.16). There was no significant difference between the pan-DENV and multiplex rRT-PCR assays based on the day of illness (data not shown).
DISCUSSION
This study presents the development and evaluation of the pan-DENV assay, which is a species-specific internally controlled rRT-PCR for pan-DENV detection. A second commercially produced internally controlled rRT-PCR assay, the Altona assay, was also independently evaluated. Both assays were then included in a large clinical comparison of four molecular assays for the detection of DENV, including a heminested RT-PCR that remains in wide use throughout the world and a serotype-specific multiplex rRT-PCR previously developed in our laboratory (1, 16) .
Comparisons of different DENV molecular tests, such as those performed in the current study, are scarce, despite the large number of diagnostic assays that have been reported for DENV (11, 13-15, 17, 38) . Two earlier studies, published in 1998 and 2002, compared conventional RT-PCR assays to the original version of the heminested RT-PCR. In both of these studies, the heminested assay was equivalent to or more sensitive than the newer assays (17, 38) . Four other groups have reported the comparison of DENV NAATs (three rRT-PCRs and one transcription-mediated amplification assay [TMA] ) to a second molecular test (11, (13) (14) (15) . Ito et al. (15) described the development of a hydrolysis probe-based rRT-PCR for DENV and compared its performance to that of two conventional RT-PCR assays (39) . The new assay proved more sensitive when tested using 35 clinical specimens from returning travelers to Japan (15) . Two groups have reported the comparison of serotype-specific multiplex rRT-PCR assays to a version of the heminested assay used in this study (11, 13) . In both of these studies, however, the heminested assay remained more sensitive than either rRT-PCR assay (11, 13) . A commercial TMA assay (14) was compared with one of the rRT-PCRs and proved to be more sensitive, though it was not compared to the heminested RT-PCR. The current comparison offers two DENV rRT-PCRs that proved to be more sensitive than the heminested and Altona assays. The pan-DENV and multiplex assays were more sensitive when testing clinical samples obtained on Ն5 days of illness, whereas all four assays performed comparably when testing samples collected before that time. Results reported in DENV NAAT studies are often obtained using samples collected on Յ5 days of illness, when, based on our findings, it may be difficult to distinguish assays with relatively poor sensitivity (14, 23, 40) . In studies where samples are tested on Ն5 days of illness, test sensitivity decreases markedly (41, 42) . Both the pan-DENV and multiplex rRT-PCR assays also remained sensitive (97.2%) when samples obtained from acutely ill patients with detectable anti-DENV IgM levels were tested. It has generally been reported that as anti-DENV IgM levels become detectable, DENV viral load declines below detectable levels (1). As a result, patients with a positive IgM are infrequently tested in DENV NAAT studies. In cases where such patients are tested, the sensitivity of DENV detection has generally been poor, ranging from 0 to 69% (20, 22, (43) (44) (45) . The improved sensitivities of the pan-DENV and multiplex rRT-PCR assays may result from the use of a highly conserved target region in the 5= UTR and capsid gene, compared to previous assays that utilized targets in other regions of the genome, including the CprM, E, NS3, NS5, and 3= UTR (11, 13, 15, 20, 24) .
Despite the improved sensitivities of the pan-DENV and multiplex rRT-PCR assays, the specificities of these two assays did not differ significantly from those of the heminested or Altona assays. Furthermore, no amplification was observed in the pan-DENV assay using samples from 60 patients with HCV, as well as with reference virus RNA from other closely related flaviviruses. Similar results for the multiplex rRT-PCR have been published previously (16) . The samples that were detected by only one of these two assays and counted as false positives had very low concentrations of DENV RNA, making it difficult to confirm or refute the results obtained by other means, such as sequencing. While the Altona assay had a specificity of 100%, this came at the expense of 36 false-negative results and poor assay sensitivity in the samples collected on Ն5 days of illness. The pan-DENV assay provides species-specific DENV detection but cannot be used for serotype determination in patient samples. For the management of acutely ill patients, however, the provision of a serotype-specific diagnosis may not be necessary and currently does not affect clinical care (1, 10, 20) . Also, outside areas where dengue is endemic, the arguments for needing serotyping capability are less pertinent (10, 26) . Given the differences in quantitation between the different serotypes, quantitative results from the pan-DENV assay would only be accurate if serotype information was also available. If serial samples are tested over time, however, relative quantitation can be performed, as well as sensitive detection on the day of defervescence, a finding that has been associated with the development of severe disease (30) . With further testing of the pan-DENV assay, thresholds may be established for these parameters that identify patients who are at increased risk for the development of severe dengue. The somewhatlower cost of the pan-DENV compared to the multiplex rRT-PCR reagents ($2.00 versus $2.60 per reaction mixture) may also allow for its use as a screening test or for serial monitoring, as mentioned above.
A further benefit of the pan-DENV assay is the multiplex detection of RNase P, which serves as a heterologous intrinsic IC. Of the method comparisons mentioned previously, only the conventional RT-PCR developed in 1998 and the TMA assay contained an IC (14, 17) . IC results were also not reported as a part of an external quality-control evaluation of laboratories that were performing molecular DENV testing (26) . The presence of IC data may have allowed the examination of extraction efficiency and reaction inhibition as potential contributors to the poor test sensitivity that is observed in a number of participating laboratories. The utility of an IC is further highlighted in this study by the large number of failures for the Altona assay, which uses an extrinsic molecule spiked into the reaction mixture. The fact that controls diluted in water (rather than extracted RNA eluted in buffer AVE) yielded consistently positive IC results suggests that the Altona reaction mixture may have been inhibited by eluates from the QIAamp viral RNA minikit. Ethanol contamination is one specific concern, though we decreased this risk by including an optional centrifugation step during RNA extraction. However, prolonged centrifugation did not improve the results. Eluate dilution did eliminate the observed inhibition, though this would not be a practical step for use with clinical samples. While the high IC failure rate did not fully explain the decreased sensitivity of the Altona assay, it remains a point of concern regarding the use of the current version of this test.
A number of samples (7/40 [17.5%]) from acutely ill patients who were initially suspected to have an illness other than dengue (C cases) tested positive for DENV by at least three of the RTPCRs used in this study. The viral load was high among these samples, as indicated by the C T values, consistent with true-positive results. Twelve additional samples (30%) were positive by only one assay, albeit at very low viral loads. Because the samples were obtained during high DENV activity in Nicaragua, we favor the interpretation that these are also true positive. A large number of inapparent DENV infections occur, estimated at 50% to Ͼ90% of infections, with large variation from year to year and between studies (depending on the case capture procedures used) (46) (47) (48) (49) ; thus, it is likely that some proportion of C cases were experiencing an inapparent DENV infection.
Despite the inclusion of 200 clinical samples from two areas where DENV is endemic, there were no clinical samples with detectable levels of the DENV-4 serotype. While the analytical sensitivity for DENV-4 has been documented in our laboratory for all of the assays included in this study, the performance of these tests needs to be confirmed with DENV-4-positive clinical specimens. In addition, we cannot rule out the possibility that very high levels of IC may inhibit DENV detection, though the analytical and clinical sensitivities of the pan-DENV assay suggest that IC competition is unlikely to be a significant problem in plasma samples. Nevertheless, the pan-DENV assay may be even more sensitive if performed without IC primers and probes. Further limitations of this study include concerns that are common to all NAATs regarding the emergence of divergent viral strains that do not match the primer or probe designs of a given assay. A specific limitation of the pan-DENV assay in this regard is the use of BHQplus moieties to allow for the design of shorter DENV probes with higher melting temperatures. While this improves the specificity of the assay, the binding of BHQplus probes may be more susceptible to single base-pair changes than longer hydrolysis probes without this modification (50) .
In conclusion, we report here the design and evaluation of the pan-DENV assay, which is a species-specific internally controlled rRT-PCR for pan-DENV detection. In a comparison of four molecular diagnostic assays for DENV, the pan-DENV assay was shown to be equally sensitive to a previously described multiplex rRT-PCR, as well as more sensitive than a commercially produced rRT-PCR and a widely used heminested assay. This was despite the addition of an IC that should serve to improve quality assurance, particularly when sample preparation and assay setup are performed under suboptimal conditions. The improved sensitivities of the pan-DENV and multiplex rRT-PCR assays resulted from the ability to detect DENV RNA in samples collected on Ն5 days of illness and samples with detectable anti-DENV IgM, thereby lengthening the period of time during which a confirmed molecular diagnosis of DENV infection can be obtained.
